The past decade has seen considerable growth in the use of synthetic aperture sonar (SAS) imaging systems in both the civilian and military domains. Although SAS systems are almost always uncalibrated, they can still yield information about the seafloor given an understanding of the mechanisms affecting the statistical properties of the images produced by these systems. This paper will describe our recent efforts to link SAS image statistics to seafloor properties through the use of seafloor scattering models. Sample results are shown.
INTRODUCTION
Synthetic aperture sonar (SAS) is rapidly becoming a standard tool for making high-resolution imagery of the seafloor. An understanding of the physical processes affecting image statistics is a vital step toward fully utilizing the data produced by SAS systems for remote sensing applications. Although there are several different measurements one could make with a modern SAS system, for the sake of brevity, this paper will deal only with one example application: the estimation of roughness statistics from image statistics for uncalibrated SAS systems.
For low angle scattering (less than about 30 o grazing angle), the scattered power from the seafloor is a strong function of slope. Changes in scattered level caused by random seafloor slopes can create variations in intensity seen in images produced by low-grazing-angle systems such as side-scan sonar and SAS. As an example, the top image in Fig. 1 displays a larger variation in intensity than the bottom image and this stronger variation is caused by a larger slope variance in the area where the top image was taken. The variation in intensity will strongly influence the overall statistical characteristics of the SAS images [2] which can be used to estimate seafloor roughness statistics. Speckle can be described as multiplicative noise [3] so that the overall statistics of a SAS image can be expressed as the product of speckle noise and the underlying seafloor scattering cross section:
In Eq.
(1) Z(r, x) represents the speckle field and a(r, x) represents a modulating process which captures the effect of the seafloor slope field on the intensity variations seen in the image; r and x respectively represent the down-range and cross-range image dimensions. In (1), Y(r, x) is the matched-filter, beam-formed intensity, so that speckle following a Rayleigh-distributed envelope would produce an exponentially distributed Z(r, x). As previously noted, the scaling function a(r, x) is the acoustic expression of scattering from areas larger than the system's spatial resolution (a function of the slope field). This scaling function, effectively a modulation of scattering cross section, V s (T), caused by seafloor slopes, can be calculated via empirical models of seafloor scattering (e.g., the well-known Lambert's Law) or physics-based models, such as perturbation theory or the small slope approximation.
In the following sections, we develop and test a model to predict the impact of scaling caused by large scale random roughness on SAS image speckle statistics. The model is developed in Section 2 by treating the continuous variation in scattering strength produced by topographically-induced changes in seafloor slope as a random scaling function on SAS image speckle. Comparison of the statistics of real SAS image data, as quantified by the scintillation index, with the developed model is presented in Section 3. Conclusions follow in Section 4. 
MODELING STATISTICS OF SPECKLE BY RANDOM ROUGHNESS
For simplicity, we consider only the down-range dimension when relating the seafloor height field h(r) to image statistics. The scattering strength will vary as a function of r, based on the relative (or local) grazing angle between incident wave and the local slope. This range-varying function, which modulates the speckle intensity, is the scaling function a(r). By approximating the scattering cross section as linear about the local grazing angle T 0 , the scaling function may be approximated via a second order expansion as r r r a s s s
where I is the local slope interrogated by the sonar system, equal to the arctangent of the slope function r h r g c , and V s (T) is the scattering cross section.
The scintillation index representative of the image statistics over the region (r 0 , r 1 ) can be easily approximated in our case via knowledge of the intensity moments of Y(r). To facilitate analysis, range is treated as a continuous variable to yield the expected intensity moments
Using (1) and (2) 
and the variance using 
In (7) V g 2 is the variance of the seafloor slope function. From these equations, it is seen that when V a 2 > 0 (which implies that a(r) is not constant) the image-level statistics are heavier-tailed than the underlying speckle statistics, yielding a scintillation index greater than 1, as expected.
It should be noted that when comparing these results to real data, system calibration is not necessary because any system dependent parameters such as vertical beam pattern would appear in both (8) and (9) for a given range, cancelling in their ratio which appears in the denominator of (7). For the sake of simplicity we assume that the scattering cross section obeys Lambert's Law for the calculations presented in the next section, i.e., V s (T) is proportional to sin 2 T.
APPLICATION TO REAL SAS IMAGES
Having established the theoretical framework within which to interpret the effects of intensity scaling of speckle on the statistics of SAS images, we next investigate the validity of these results by application to real data. Data from The NATO Undersea Research Centre (NURC)'s MUSCLE AUV mounted SAS systems, observing seafloor areas with different characteristics, have been analyzed and will be compared to scintillations index predictions based on the scaled-speckle model. Data used here were obtained on homogeneous sandy seafloor areas with varying degrees of topographic roughness and come from an experiment which took place near Tellaro, Italy off the Ligurian coast. MUSCLE SAS data consists of 60 kHz bandwidth signals transmitted at a center frequency of 300 kHz. Image data had a final resolution of approximately 1.5 x 2.5 cm.
The model developed in the previous section was used to predict the scintillation index using roughness parameters and system geometries. If we assume the scattered intensity differences due to slope changes are approximately piecewise linear for each mean grazing angle, we can estimate the scintillation index as a function of mean angle (or equivalently range). Using Lambert's Law (or any seafloor scattering model) this assumption would only be valid for grazing angles approaching and exceeding approximately 30 o if the range of relative angles with respect to the mean angle caused by the random seafloor slopes is small. With the scaling model and system geometry we can get a feel for the effects on scintillation index of the shape of the scattering cross section as a function of angle (or equivalently as a function of range for a fixed altitude). Figure 2 shows a comparison between experimental estimates and model predictions of scintillation index versus range for same the two MUSCLE data sets that were used to form the images shown in Fig 1. A sliding window 2.25 m wide in range is used in forming the scintillation estimates as a function of range with the MUSCLE SAS data. The scintillation index is seen to increase as a function of range (i.e., increase as the mean grazing angle decreases from approximately 14 o at 40 m range to approximately 4 o at 150 m range). It should be noted that it is not the underlying speckle statistics that are causing the overall increase in the scintillation index versus range; it is the increasing slope of the scattering cross section versus grazing angle at further ranges (or smaller mean grazing angles). The large fluctuations in the scintillation index for the rough seafloor case (top curve) are due to the onset of shadowing.
Also shown on Fig. 2 are scaled-speckle model predictions for rms slopes of 5.5 o and 7.7 o for the relatively smooth and relatively rough seafloor areas respectively. Both predictions used a system height of 10 m and exponentially distributed speckle. It should be noted that the rms slope is over the entire 2.25 m x 50 m area for which the shape parameter estimate is formed. The model matches the data well showing the sensitivity of the result to rms slope. This sensitivity would allow seafloor roughness parameters to be easily inverted from SAS image data. Other statistical properties of the seafloor roughness can be obtained if a model of seafloor roughness is assumed. If a seafloor exhibits power-law roughness spectra, as has been often found [1] , rms height can be related to rms slope as outlined in [1] . FIGURE 2. Experimental, simulation, and scaled-speckle model estimates of effective shape parameter as a function of range. The experimental curves used the same data that was used to form the images in Fig.1 .
CONCLUSIONS
In this article, we have presented a model to predict the impact of intensity scaling caused by random seafloor roughness on SAS image speckle statistics. This was accomplished by treating the continuous variation in scattering strength produced by roughness-induced changes in seafloor slope as a deterministic scaling of the SAS image speckle. The changes in image statistics were quantified in terms of the scintillation index. For the two Tellaro, Italy, sites, roughness caused a dramatic effect on statistics of the images, increasing the scintillation index (i.e., causing heavier-tailed distributions). Scintillation index estimates from SAS data showed very good agreement with model predictions. Strengths of the model presented in this paper are that it can include the scattering response of the seafloor via seafloor scattering models as well as specific roughness parameters.
